Abstract
INTRODUCTION
Open repair of thoracoabdominal aortic (TAAA) and descending thoracic aortic aneurysms (DTA) remains a complex procedure that, despite advances in surgical technique and critical care, presents multiple challenges to surgeons. Although the operative mortality (OM) continues to decline in high-volume centres, perioperative end-organ dysfunction remains a concern and has implications for short-and long-term survival [1, 2] . While the debate continues regarding the optimal technique for organ preservation, it is clear that patient selection has a significant role in predicting outcomes following open and endovascular aneurysm repair [3] [4] [5] [6] . We have previously shown the importance of correcting myocardial ischaemia before open TAAA/DTA repair [7] . Similarly, we recently examined the influence of preoperative pulmonary dysfunction and found that patients with an FEV1 < _50% had a significant increase in perioperative pulmonary complications and worse long-term survival following TAAA/DTA repair [8] . Postoperative renal failure, particularly dialysisdependent renal failure, is well-known to negatively influence OM and survival. Strategies for perioperative renal preservation remain the focus of much investigation [9] [10] [11] . However, there is limited data examining the impact of preoperative renal failure (PRF) in determining outcomes following open TAAA/DTA repair.
PRF is a known risk factor for worse outcomes following cardiac and non-cardiac surgery [12] [13] [14] . Given that upwards of 10% of the adult population in Western countries is affected by varying degrees of renal insufficiency [15, 16] , particularly those 65 and older, we wished to examine the impact of PRF on morbidity and mortality following open TAAA/DTA repair.
METHODS

Patient population
This study was approved by the institutional review board and need for patient consent was waived.
Our surgery database was retrospectively reviewed to identify all patients who underwent open TAAA/DTA repair from January 1997 to December 2015.
The database is updated and maintained by a team of clinical information analysts and data collected is validated by external and internal controls. Pre-and postoperative variables are entered during in-hospital stay. Postoperatively, clinical evaluations are preformed yearly and data is entered at the time of follow-up. In cases of missing data direct interview with the patient, a relative, or the treating physician was performed.
Two groups of patients were identified according to their preoperative renal function: those with normal renal function defined as creatinine < _1.5 mg/dl and those with PRF defined as creatinine >1.5 mg/dl or on haemodialysis prior to surgery [17] .
Primary end-points were OM and follow-up death from any cause. Secondary end-points were the incidence of major postoperative complications (i.e. myocardial infarction, stroke, new onset or worsening renal failure requiring dialysis, need for tracheostomy, spinal cord complications) and a composite of major postoperative adverse events [major adverse events (MAE): OM and the previously listed major postoperative complications].
Surgical technique
Details of the surgical technique have been previously published [7, 18] . In brief, a fifth, sixth or seventh intercostal space thoracotomy or thoracoabdominal incision is used depending on the aneurysm extent. For patients with isolated DTAs or for those who present with aortic rupture and instability a clamp and sew technique is the preferred strategy. For extent I, III and IV TAAAs, cold renal [9] and blood visceral perfusion are utilized as adjuncts to the clamp and sew technique whenever the visceral or renal vessels are involved. Left heart bypass is adopted for extent II aneurysms, extent I aneurysms with dissection as the primary etiology and for acute type B dissections. If proximal aortic control is not possible, deep hypothermic circulatory arrest (DHCA) is utilized. Preoperative cerebrospinal fluid (CSF) drainage is attempted in all haemodynamically stable patients, however, if patients are haemodynamically unstable CSF catheters are inserted at the completion of the surgery. CSF pressure is maintained at <12 cm H 2 O during the surgery and for 72-h postoperatively.
Cold renal perfusate consists of 125 mg of solumedrol and 12.5 g of mannitol per liter of Plasmalyte cooled to 4 C. The perfusate is administered into the renal ostia through a 9-Fr balloon perfusion/occlusion catheter (LeMaitre V R , Missisauga, ON, Canada) at a rate of 100 ml/min for a total of 300 ml per kidney. Dosing is repeated every 25-30 min depending on the duration of renal ischaemia. Renal artery reimplantation, bypass and/or endarterectomy is performed as dictated by the patient's anatomy.
For all cases, excluding DHCA cases, core temperature is allowed to passively decrease to 33 C. Shed blood is reinfused via a rapid infusion system with a capability to warm reinfusate to 37 C (Belmont, Billerica, MA, USA). Straight-tube and prefabricated branched Hemashield (Wayne, NJ, USA) woven dacron grafts are utilized for aortic and branch vessel reconstruction. Mean arterial pressure is maintained at >85 mmHg for the entire postoperative period.
Patients who are already on haemodialysis are admitted and dialyzed the day before surgery. The choice of surgical technique is similar to non-haemodialysis patients with the exception of the use of cold renal perfusion. Postoperatively dialysis is preferentially held until the second postoperative day. If early dialysis is indicated, continuous ultrafiltration is initiated for clearance only. On the second postoperative day, continuous veno-venous-haemodialysis is started with a daily goal of a negative 2-l fluid balance. Standard haemodialysis is reinitiated after spinal drain removal.
Statistics
Data were stored using Microsoft Access (Microsoft, Redmond, WA) and analysed using IBM SPSS Statistics version-22 ( Univariable and multivariable analysis for OM and MAE were computed for significant demographic and preoperative predictors of such events. A backward stepwise regression analysis was performed resulting in a model of the following predictor variables: age, sex, smoking, chronic pulmonary disease (CPD), stroke, peripheral vascular disease (PVD), etiology of aneurysm, urgent/emergent status, ejection fraction, renal status, shock, previous cardiac surgery, none bypass circulatory arrest, circulatory arrest (CA), CSF drainage, year of procedure and renal visceral perfusion.
Postoperative survival was assessed using the Kaplan-Meier method. Groups were compared by log-rank analysis. Coxproportional hazard analysis was performed to determine significant risk factors of long-term survival. Univariable predictors with probability <0.20 were included in the Cox-regression model.
RESULTS
Patients' profile
From January 1997 to December 2015, 711 patients underwent open repair of TAAA/DTA. Further patient division based on preoperative renal function resulted in 202/711 (28.4%) with PRF and 509/711 (71.6%) with normal renal function. Subgroup division of the renal failure patients resulted in 22/202 (10.9%) patients with PRF on dialysis.
Smoking was significantly higher in the PRF group (95.5% vs 69.0%; P < 0.001) along with CPD (65.8% vs 29.7%; P < 0.001), PVD (44.1% vs 19.4%; P < 0.001) and diabetes (16.3% vs 6.7%; vs P < 0.001). The most frequent etiologies were degenerative disease or acute dissection in the PRF group (60.4% vs 46.4% and 8.9% vs 7.5% respectively, P = 0.002 both) and chronic dissection in patients with normal preoperative renal function (37.1% vs 25.7%; P = 0.002). Urgent/emergent cases were significantly more common in the PRF group (70.8% vs 45.2%; P < 0.001).
Among the 22 preoperative haemodialysis patients 21/22 (95.5%) had a smoking history, over half (13/22, 59 .1%) had PVD, half had CPD (11/22, 50.0%), and 9/22 (40.9%) had diabetes. Degenerative disease was the major etiology of aneurysms (12/ 22, 54.5%) and the majority of cases 15/22 (68.2%) where urgent/ emergent.
Operative data
Operative data is summarized in Table 2 . CSF drainage was utilized in a majority of patients (595/711, 83.7%). Intercostal arteries were reimplanted in 287/711 (40.4%) of patients and significantly more in those with normal preoperative renal function (43.2% vs 33.2%; P < 0.014). Clamp and sew was the predominant surgical strategy (458/711; 64.4%) and was used in a higher percentage of PRF patients (73.3% vs 60.9%; P = 0.002). When utilized, partial bypass was instituted nearly twice as often in the normal renal function group (30.5% vs 16.8%; P < 0.001). Renal visceral perfusion times were significantly longer in the renal failure group while cross-clamp, partial bypass and CA times were similar.
Postoperative and follow-up outcomes
Postoperative outcomes are summarized in Table 3 . Overall OM was 5.6% (40/711). The most common complications were need for tracheostomy (57/711, 8.0%), left recurrent nerve palsy (47/ 711, 6.6%), and need for new dialysis (38/711, 5.3%). OM (14.4% vs 2.2%; P < 0.001), need for tracheostomy (12.9% vs 6.1%; P = 0.003), and need for new dialysis (12.9% vs 2.4%; P < 0.001) were all significantly more common in the PRF group. Overall OM in the 22 haemodialysis patients was 18.2% (4/22) .
Lower body ischaemic time correlated significantly with follow-up mortality (P = 0.004) but not with in-hospital mortality and there was no correlation between renal ischaemic time and blood transfusions for in-hospital and follow-up mortality.
Logistic regression analysis showed that PRF and CA were independent predictors of OM [odds ratio (OR): 4.91; confidence interval (CI): 2.01-11.97; P < 0.001 and OR: 3.41; CI: 1.19-9.78; P = 0.023 respectively] and MAE (OR: 2.05; CI: 1.21-3.46; P = 0.007 and OR: 2.70; CI: 1.28-5.69; P = 0.009 respectively). Female gender, urgent/emergent status and renal visceral perfusion were independent predictors of MAE (OR: 1.82; CI: 1.12-2.95; P = 0.016, OR: 2.91; CI: 1.71-4.97; P < 0.001 and OR: 2.20; CI: 1.29-3.75; P = 0.004 respectively) ( Table 4) . Table 5 outlines the risk of OM by aneurysm extent, surgical technique and etiology. The OM for DTA (16.9% vs 1.8%; P < 0.001) and all TAAAs (13.2% vs 2.4%; P < 0.001) was significantly higher for PRF patients. A similar increase in mortality was seen with extent I and II TAAAs. There was no significant increase in OM for extent III-IV TAAAs. Choice of surgical technique did not influence the significantly negative impact PRF had on OM. Surgical technique did not influence the need for new postoperative haemodialysis in patients having surgery with the assistance Table S1 ). Figure 1 shows that 1-, 3-and 5-year survival are negatively impacted by PRF.
DISCUSSION
Open repair of TAAA/DTA remains a significant surgical undertaking in the current era. Even in high-volume centres with experienced surgeons, mortality rates remain between 5% and 8% [19] . Aneurysm extent influences outcomes with extent II aneurysms remaining the cohort at greatest risk for OM and MAE [1, 20] . While surgical technique and postoperative care can influence the incidence of these events, patient selection is being examined with increasing frequency as a adjunct to help mitigate adverse outcomes. OM and MAEs are associated with prolonged ICU stays and costly hospital readmissions and are influenced by operating on cohorts with preoperative end-organ dysfunction [1] . Outcome analysis in patients with compromised cardiac and pulmonary function before major thoracic aneurysm repair has identified opportunities for improvement which include minimizing ischaemia or offering alternative therapies [7, 8] . Compromised preoperative renal function has been shown to negatively influence outcomes for a number of open surgical procedures as well as minimally invasive procedures such as percutaneous coronary intervention and TEVAR [11, 14, 21, 22] . Given the well-established negative impact that preoperative haemodialysis has on OM after open TAAA repair [19] , we wished to examine the influence of PRF on outcomes in a broader range of patients undergoing open TAAA/DTA repair.
In an earlier era of open TAAA repair, PRF was shown to be predictive of major postoperative complications. Svensson et al. [23] showed that in 1509 patients undergoing TAAA repair, the incidence of perioperative spinal cord ischaemia was significantly higher in those presenting with compromised renal function (OR: 1.58, CI: 1.03-2.41). Kieffer et al. [24] also showed that in a lower risk cohort of extent IV TAAAs, PRF predicted not only in-hospital mortality but predicted a higher risk of postoperative mesenteric ischaemia. A detailed analysis of those undergoing open repair of extent IV aneurysms showed that a diminished glomerular filtration rate predicted 30-day mortality on multivariable analysis [25] . When examining larger cohorts of patients undergoing open TAAA repair it is obvious that the inclusion of centres and surgeons with broader experience uncloaks the negative impact that patient selection can have on outcomes. Derrow et al. [22] found that PRF lead to a nearly 50% mortality in those undergoing open TAAA repair in low-volume centres in the USA. When examining data from the National Surgical Quality Improvement Program, the need for preoperative haemodialysis was predictive of OM (OR: 4.9, CI: 1.11-22.12) [19] . Even in experienced centres, PRF remains predictive of poor outcomes. Coselli et al. [1] performed extensive analysis of 3309 patients undergoing open TAAA repair over a 28-year span. Chronic renal failure was predictive of OM (OR: 2.91, CI: 1.03-8.24) and MAEs (OR: 2.23, CI: 1.45-3.71). Our results were consistent with this experience from a high-volume centre. We found that PRF increased the OM nearly seven-fold. The increase in mortality was seen not only for isolated DTAs but also for highrisk extent I and II TAAAs. Interestingly, we could not demonstrate a similar increase in OM for the less extensive extent III and IV TAAAs despite the fact that the raw mortality for those with PRF was double that of the overall cohort and over threetimes the mortality compared to those with normal preoperative renal function. We did not have a sufficient number of either of these subgroups of TAAAs to perform independent analysis of these aneurysms. Additional follow-up of each of these groups will add much needed statistical power to our analysis and may lead to similar conclusions.
The role of surgical adjuncts to negate the impact of PRF remains unclear. Although we utilized either partial or full cardiopulmonary bypass to assist with over 36% of the procedures performed, we could not identify a surgical strategy that reduced OM when compared to a simple clamp and sew technique. OM was significantly higher in all patients with PRF regardless of the amount of end-organ support given. Similarly, we could not demonstrate a renal protective effect in DTA/TAAA repair, even with the more commonly used protective strategy of open partial bypass. The 185 patients in whom partial bypass was utilized, the need for new postoperative haemodialysis was seen in a similar percentage of patients when compared to clamp and sew. There may be some renal protective effect from full cardiopulmonary bypass and profound hypothermia but the number of cases is small. We will need to examine a larger cohort of our patients utilizing CA as the primary support strategy before we would recommend this technique for a broader cohort of patients undergoing open TAAA/DTA repair. Given the increased morbidity and mortality associated with open thoracic aneurysm repair in patients with PRF, perioperative mechanical improvements in renal perfusion and pharmacologic support of renal function have been explored in patients in need of major cardiovascular surgery, including TAAA repair. Sullivan and Hertzer [26] reported their experience with preoperative renal stenting in a patient with a unilateral kidney in need of TAAA repair. That patient had an 80% renal artery stenosis and had complete normalization of clinical renal parameters 6 weeks after balloon dilatation and stenting. The patient then went onto successful aneurysm repair. Yue et al. [27] reported successful salvage of postoperative renal artery thrombosis after a redo TAAA repair in a patient with a solitary kidney. This patient had successful percutaneous treatment and was discharged with normal renal function. These preliminary reports stimulated investigation into the role of intraoperative stenting of renal lesions during TAAA repair by LeMaire et al. [28] . They inserted 80 balloon-expandable stents into either one or both renal arteries in nearly 400 patients undergoing open TAAA repair. There were 2 fatal stent related complications. Although there was no increase in morbidity or mortality in those subjected to stenting, the need for postoperative haemodialysis was greatest in the cohort undergoing stenting as an adjunct to renal endarterectomy. While citing the technical success of inserting stents into these patients with advanced renovascular disease, the authors cautioned that these stents may not be appropriate after endarterectomy or in fragile secondary renal branch vessels. Although the adoption of preoperative renal artery stenting is not practical for a significant number of patients with very large and symptomatic TAAA/DTAs, perhaps an aggressive, preoperative approach to the identification and percutaneous treatment of renal vascular disease could lead to improved renal function, and a reduction in complications and OM in those stable patients awaiting elective surgery. Continued investigation of these mechanical solutions to impaired renal perfusion may hold promise for improving perioperative renal function when compared to pharmacologic adjuncts where the evidence has been sorely lacking [29, 30] . This study is limited by its retrospective nature and the inherent biases of this type of analysis. The results obtained in a highvolume aortic centre are not representative of the experience for the wider population of patients undergoing open TAAA/DTA repair. Finally, we did not have a sufficient number of patients on haemodialysis prior to surgery to make meaningful statistical analysis of this high-risk group.
CONCLUSIONS
PRF is independently associated with an increased incidence of OM and MAEs following open repair of DTA/TAAA. A more detailed analysis of the etiology behind a patient's PRF may identify opportunities to improve renal function before proceeding with high-risk aneurysm repair. Preoperative renal vascular imaging may lead to procedures that could potentially enhance renal perfusion and recruit nephrons that may reduce the need for renal replacement therapy after either open or endovascular aneurysm repair. Newer agents for pharmacologic renal protection may be on the horizon.
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